Discrimination between the superconducting gap and the pseudo-gap in Bi2212 from 
intrinsic tunneling spectroscopy in magnetic field 
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Intrinsic tunneling spectroscopy in high magnetic field (H) is used for a direct test of super- 
conducting features in a quasiparticle density of states of high-T c superconductors. We were able 
to distinguish with a great clarity two co-existing gaps: (i) the superconducting gap, which closes 
as H — > Hc%(T) and T — » T C (H), and (ii) the c-axis pseudo-gap, which does not change neither 
with H , nor T. Strikingly different magnetic field dependencies, together with previously observed 
different temperature dependencies of the two gaps jlj, speak against the superconducting origin 
of the pseudo-gap. 

PACS numbers: 74.25.-q, 74.50. +r, 74.72.Hs, 74.80.Dm 



A pseudo-gap (PG) in the electronic density of states 
(DOS) of high-Tc superconductors (HTSC) has been es- 
tablished by different experimental techniques [|l] [l0| , 
at temperatures well above the superconducting critical 
temperature T c . Surface tunneling measurements [^|] 
indicated that the superconducting gap (SG) is almost 
temperature (T) independent, merging into the pseudo- 
gap at T w T c ; the latter can exist up to room temper- 
ature. In contrast to ordinary superconductors, the gap 
in DOS of HTSC was reported to be uncorrelation to 
T c and increased with underdoping despite a decrease in 
T c jllj . This has lead to a suggestion that electron pairs 
are preformed at high temperature but do not condense 
into a coherent state until at T c p2[ . Surface tunneling, 
however, has drawbacks in its sensitivity to surface de- 
terioration |l3| . At present there is no consensus about 
the origin of the PG, the correlation between SG and 
PG, or the dependencies of both gaps on material and 
experimental parameters. A clarification of these issues 
is certainly important for understanding HTSC. 

The most crucial test for the superconducting origin 
of the two gaps is their magnetic field (H) dependencies. 
Magnetic field is a strong depairing factor and destroys 
superconductivity when the field exceeds the upper crit- 
ical field H C 2- So far the magnetic field dependence of 
the pseudo-gap in HTSC is highly controversial. For ex- 
ample, in YBaCuO compounds the NMR spin-lattice re- 
laxation rate above T c , which reflects the spin part of 
the PG, was reported to decrease M, increase ||, or to 
be independent of magnetic field ]9|,|10[. Surface tunnel- 
ing measurements in Bi2212 revealed the existence of the 
PG inside the vortex core H). However, the authors 
argued that it is due to the precursor superconductivity 
mechanism, similar, as they believe, to what happens at 
T > T c . Clearly, the magnetic field dependence of the 
pseudo-gap is far from being established and advanced 
measurements with alternative technique are necessary. 



Intrinsic tunneling spectroscopy is a powerful method 
to study the quasiparticle DOS inside bulk HTSC sin- 
gle crystals |I],[l5|,|l6| . This method allows avoiding the 
problem of surface deterioration. On the other hand, it 
has several problems too, such as stacking faults (defects) 
in the sample, injection of non-equilibrium excitations or 
internal heating jlTj . Using small area mesa structures, 
it is possible to avoid mixing between out-of-plane (c- 
axis) and in-plane transport. Moreover, a probability 
of having stacking faults in the mesa decreases, as well 
as the overheating. Thus clean and clear c-axis tunnel- 
ing characteristics can be obtained and used for studying 
DOS§. 

In this paper we study magnetic field dependencies of 
the superconducting gap and the pseudo-gap in small 
Bi2Sr2CaCu208+i (Bi2212) mesas. The intrinsic tunnel- 
ing characteristics exhibit two distinct features: a sharp 
superconducting peak and a smooth dip-and-hump fea- 
ture, attributed to the c-axis pseudo-gap in the tunnel- 
ing DOS. We have observed that the SG and the PG not 
only may have different magnitudes, but also have strik- 
ingly different dependencies both versus H and T: the 
SG closes as H — > H C 2 and T — > T c ; while the PG does 
not change neither with H, nor T and persists in the su- 
perconducting state. This unambiguously indicates the 
coexistence of the two gaps and rules out the precursor 
superconductivity scenario of the PG. 

Small mesa structures, of area down to 2 /jm 2 
were made on top of Bi2212 single crystals by photo- 
lithography, Ar-ion etching and a self- alignment tech- 
nique Q. Such mesas represent stacks of intrinsic 
Josephson junction, formed by the crystalline structure 
of HTSC Jl8| and exhibit behavior typical for stacks 
of SIS (Superconductor-Insulator-Superconductor) type 
Josephson junctions. For example, Fiske steps and 
Fraunhofer oscillations were observed in Ref. Jl9j ] and 
multiple Josephson fluxon modes were observed in 
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FIG. 1. Differential conductance curves for a pure Bi2212 
mesa at different temperatures for H =0 (thin lines) and 
H = 14T (thick lines). The existence of a (T,H) dependent 
superconducting peak and the (T,H) independent "back- 
ground" pseudo-gap dip-and-hump is clearly seen 

Ref. ^0|. Here we present results for pure Bi2212 and 
intercalated HgBr2-Bi2212 samples. The Bi2212 samples 
are near optimally doped (T c ~ 92 K). The intercalated 
samples are overdoped, as follows from a small PG and 
more metallic temperature dependence of the c-axis re- 
sistance. Upon intercalation with HgBr2 molecules, the 
distance between cuprate layers increases and the c-axis 
resistivity increases while the critical current density de- 
creases by a factor of 10-20 as compared to the pristine 
sample |2l[] . This leads to a decrease of both dissipated 
power and overheating during measurements. T c is de- 
creased by intercalation to ^73 K. The c-axis IVC's were 
measured in a three probe configuration. The differen- 
tial conductance, a — dl/dV, was measured by lock-in 
technique with the AC current of 10fiA. 

In Fig. 1, c-axis a — dl/dV vs. V, curves are shown 
for a pure Bi2212 mesa (5 x 6.5/Ltm 2 , N = 7 intrin- 
sic Josephson junctions) at four different temperatures, 
T < T c . Curves are displayed both for H=0 (thin lines) 
and H=14T (thick lines) along the c-axis. For clarity, 
the curves for different T are shifted sequentially by 7 
mS along the vertical axis. 

The <j(V) curves have a temperature independent re- 
sistance at large bias JIJ, as expected for pure tunnel junc- 
tions. At low T and H there is a sharp superconducting 
peak at the sum-gap voltage, V s = 2NAs/e, where N 
is the number of junctions in the mesa and A s is the 
superconducting gap p2J. For SIS junctions, the super- 
conducting peak should disappear simultaneously with 
superconductivity both as T — > T c and H — > H C 2 [ p3[ . 
Indeed, from Fig. 1 it is seen that with increasing T, the 
peak shifts to smaller voltages, reduces in amplitude and 
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FIG. 2. Differential conductance of the intercalated mesa 
at T =4.2K, for different H \\ c. Insets show a) the decrease of 
the peak voltage, V s , and b) the linear increase of a zero-bias 
conductance with H. 

eventually disappears as T c is approached (lj. It is also 
seen that the superconducting peak is very sensitive to 
magnetic field and vanishes at large fields. 

In Fig. 2, a(V) curves of the intercalated HgBr2- 
Bi2212 mesa are shown for different H \\ c at low temper- 
ature T=4.2K. It is seen that the superconducting peak 
reduces in amplitude with increasing field and system- 
atically shifts to a lower voltage, as shown in inset a). 
Likewise, the zero bias conductance, a(I = 0), increases 
linearly with H, showing negative magnetoresistance, see 
inset b). Such behavior is typical for SIS junctions at low 
temperature in perpendicular magnetic fields both for s- 
wave |23| an d <i-wave superconductors with uncorrelated 
vortices B4]. Here, the decrease of V s reflects the decrease 
of the maximal A s and the linear increase of a(I = 0) is 
associated with a linear increase of the vortex density. 

In Fig. 3, cr(V) curves of the same pure Bi2212 mesa as 
in Fig. 1. are shown for high temperatures, a) T ~72K 
and b) T ~80K, and for several H || c. Unlike the case 
of low T, for T > 70K the superconducting peak is com- 
pletely suppressed at H =14 T. With increasing H , the 
<j{V) curves approach some magnetic field independent 
"background" curve, e.g., from Fig. 3 b) it is clearly seen 
that there are no changes in the <r(V) curves for H >10T. 
Taking the field at which the superconducting peak dis- 
appears and the magnetoresistance at V ~ V s saturates 
as the upper critical field, we estimate i? C 2(|| c) ~ 10T 
at T =80 K and ~ 14T at T =72K, in agreement with 
previously obtained values, see, e.g., Ref. [pi] . 

However, despite vanishing of the superconducting 
peak, the IVC's remain nonlinear at H > H C 2(T). The 
background cr(V) curves exhibit a smooth depletion of 
the zero-bias conductance (a dip) plus a hump at a cer- 
tain voltage V — V pg , see Fig. 1. The background curve 
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FIG. 3. <t(V) curves of a pure Bi2212 mesa at a) T =72K 
and b) T = 80 K and for several H || c. It is seen that the 
superconducting peak is completely suppressed in high fields, 
while the "background" PG dip-and-hump structure remains 
magnetic field independent. It is clear that the superconduct- 
ing peak and the PG hump appear at different voltages. 

is similar to that observed in the vortex core |l4| ] 
and, to our opinion, represents the bare normal (non- 
superconducting) state with the remaining PG in the 
tunneling DOS even at T < T c . Fig. 1 demonstrates that 
the PG hump voltage V pg is almost independent of T 
and is completely independent of H within the applied 
field range. The latter is most clearly demonstrated in 
Fig. 3 b), from which it is seen that there are no changes 
neither of the shape nor of the position of the PG hump 
with H. Moreover, it is seen that the PG hump volt- 
age, Vpg, is distinctly different from the superconducting 
peak voltage, V s . The striking contrast in magnetic field 
dependencies of the superconducting gap and the pseudo- 
gap is the central observation of this paper. 

At high T, the behavior of a(V) becomes more compli- 
cated: First, the superconducting peak does not move to 
lower voltages with increasing H and second, the subgap 
conductance, <r(0), becomes almost independent of 
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FIG. 4. Temperature dependence of the zero-bias resis- 
tance of the intercalated mesa at several H \\ c. It is seen 
that Rq decreases with increasing H and approaches a uni- 
versal magnetic field independent "background" curve. Inset 
demonstrates the T 2 dependence of the zero-bias conductance 
at low temperatures. 

H. To some extent such anomalous behavior may be due 
to the fact that at high T and H, the cr(V) of a SIS junc- 
tion does not follow the quasi-particle DOS p2fl . As a 
matter of fact, for T/T c > 0.5 the peak in a(V) can shift 
to a higher voltage, as a result of a strong smearing, de- 
spite the decrease of A s p^ ]. In addition, the peak in the 
spatially averaged DOS itself smears and shifts towards 
higher energies with H, see, e.g., Fig. 18 from Ref. p5| . 
Similarly, the cr(0) can even decrease with H despite the 
increase of DOS(-E = 0) [^3|. However, numerical sim- 
ulations showed that the subgap conductance of a SIS 
junction should still have some ff-dependence, which is 
obviously not the case for V < 0.25V in Fig. 3 a). 

We believe that the observed discrepancy between nu- 
merical simulations and experimental data at high T and 

H, is due to the PG, persisting at T < T c . Indeed, the 
phenomenon appears at high T, when the T-dependent 
SG becomes considerably less than the T-independent 
PG. Furthermore, the anomalous behaviour is more pro- 
nounced for the near optimally doped Bi2212 with a 
larger PG, than for overdoped HgBr 2 -Bi2212 samples 
with a smaller PG. If so, the suppression of subgap con- 
ductance at T > 60K, for the pure Bi2212 mesa, see Fig. 

I, is mostly due to the PG rather than to the SG. 

Fig. 4, shows temperature dependencies of the zero- 
bias resistance Rq of the intercalated sample at several 
H. The intercalated sample is remarkable in the respect, 
that the critical current can be completely suppressed by 
a small H. Thus it was possible to trace the quasipar- 
ticle resistance in the whole range of T and H . At low 
T, the Rq continuously decreases (ct(0) increases) with 
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field, as shown in inset b) of Fig. 2. The range of vari- 
ation of Ro{H) decreases with increasing T. At high 
H and T, e.g. in Fig.4 for H >12 T and T >35 K, 
the Ro(T) curves collapse into a single semiconducting 
curve. This "background", magnetic field independent 
resistance represents the persisting PG, rather than the 
SG, as discussed above. The inset in Fig. 4 shows the 
zero-bias conductance vs. T- square for the same data. 
It is seen that cr(0) oc T 2 , at low T. In Ref. Q such 
a behavior was attributed to a d-wave character of the 
superconducting state. However, we should emphasize 
that in our case the zero-bias conductance is not entirely 
determined by the SG, but a significant part of it origi- 
nates from the magnetic field independent " background" 
PG conductance. The inset in Fig. 4 shows that the 
background conductance at H =14T and T >30K is still 
reasonably well described by the T 2 dependence. This 
may indicate that the PG also has a d-wa,ve symmetry [||. 
The behavior of Rp(T, H) of pure, near optimally doped 
Bi2212 mesas is similar f2q| , but quantitatively different. 
First of all the PG in those samples is significantly larger 
than in overdoped intercalated HgBr2-Bi2212 samples, 
in agreement with a general trend, known from previous 
studies fjj-S]. Therefore, the magnetic field independent 
"background" PG resistance is a larger fraction of Rq 
and the magnetoresistance at zero bias decreases consid- 
erably as can be seen from Figs. 1 and 3. We should 
also note, that for optimally doped mesas <r(0) deviates 
from the T 2 dependence and shows a tendency to vanish 
at T -> 0. 

In conclusion, we have performed intrinsic tunneling 
spectroscopy of small HTSC mesa structures in high 
magnetic fields. Such measurements yield a crucial test 
for the high-T c superconductivity, since a high magnetic 
field is a strong depairing factor. The intrinsic tunnel- 
ing conductance curves exhibit two distinct features: (i) 
the sharp peak at low temperatures and (ii) the smooth 
dip- and- hump structure at high temperatures. As we 
have shown, the two features can be clearly separated 
due to their strikingly different magnetic field dependen- 
cies: the low-T peak vanishes both as H — > H C 2(T) and 
T — * T C {H) 1 while the dip- and- hump does not change 
with neither H, nor T. This allowed us to unambiguously 
attribute the peak to the superconducting gap and the 
dip-and-hump to the non-superconducting c-axis pseudo- 
gap in tunneling DOS. Our data indicate that the PG 
neither disappear, nor transform into the SG below T c . 
Indeed, at intermediate T and H, the superconducting 
peak emerges on top of the PG dip-and-hump feature at 
a distinctly lower voltage, V s < V pg , see Fig. 3. Fur- 
thermore, at high H we were able to completely sup- 
press the superconducting peak/gap and observed the 
bare pseudo-gap state clearly persisting at T well below 
T C (H = 0). In experiment, such state is characterized 
by saturation of the magnetoresistance and appearance 
of the "background", (T, H )-independent nonlinear con- 



ductance, see Figs. 3 and 4. The obtained results speak 
in favor of two different co-existing gaps in the tunneling 
DOS of HTSC. This casts serious doubts to the precursor 
superconductivity scenarios of the c-axis pseudo-gap and 
related HTSC theories, which require a similar origin and 
behaviour of the SG and the PG. We hope that our obser- 
vation together with the growing experimental evidence 
for an independent behavior of SG and PG @,||g,|,|H)| , 
will help consolidating efforts to understand the pseudo- 
gap phenomenon and the high-T c superconductivity. 
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